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In Brief Iuso et al. find that exogenous expression of human protamine 1 remodels interphase fibroblast nuclei into spermatid-like structures. The process is reversible upon nuclear transfer into enucleated oocytes. This finding could be exploited as a simplified model for investigating protamine-induced genome compaction and may also boost somatic cell nuclear transfer efficiency.
INTRODUCTION
Spermatogenesis is conserved from flies to mammals. Postmeiotic spermatocytes undergo a radical nuclear and cytoplasmic reorganization. Nuclear remodeling relies on a timely translation of stabilized mRNA transcribed at the round spermatid stage (Brock et al., 1980) . The first transcripts are testisspecific core and linker histone variants (Gaucher et al., 2010; Kota and Feil 2010) . Testis-specific histones have a lower affinity for DNA than somatic ones (Gaucher et al., 2010) , and their subsequent post-translational modification (Goudarzi et al., 2014; Rousseaux and Khochbin, 2015; Moriniè re et al., 2009 ) further destabilizes the nucleosome. Subsequently, acetylated histones are recognized by bromodomain testis-specific proteins (Brdt) (Pivot-Pajot et al., 2003; Gaucher et al., 2012) , proteins that prepare the ground for the incorporation of transition proteins (TPs). TPs cooperate with topoisomerases to relieve torsional stress (Singh and Rao, 1988) and with DNA repairing enzymes (Akama et al., 1999) . The substitution of TPs with protamine (Prm) completes nuclear remodeling, conferring a toroid structure to DNA and the unique shape of male gametes (Miller et al., 2010) . Upon fertilization, remodeling is completely reversed. Paternal chromosomes rapidly lose Prm and testis-specific histones (van der Heijden et al., 2005; Wu et al., 2008; Loppin et al., 2005) and regain a nucleosomal organization built upon maternally provided histones.
When, instead, a somatic cell is used to ''fertilize'' an oocyte, as in somatic cell nuclear transfer (SCNT; Wilmut et al., 1997) , the nucleosome organization of the chromatin is only occasionally reversed by the oocyte, often leading to developmental failure .
The current study set out to explore the possibility of conferring a somatic cell nucleus with a Prm-based toroid organization. Here, we demonstrate that the nuclei of adult somatic cells undergo a dramatic chromatin reorganization following the induced expression of the Prm1 gene, transforming the nuclei into ''spermatid-like'' structures. The Prm-induced nuclear remodeling is reversible upon nuclear transfer (NT) of protaminized cells into enucleated oocytes, and the resulting embryos develop normally in vitro.
RESULTS

Spermatid-Specific Stepwise Chromatin Remodeling Does Not Function in Somatic Cells
Our first approach to remodel somatic cell nuclei was to induce the co-sequential and sequential expression of four main testisspecific genes in primary cultures of sheep fibroblasts, with the aim to repeat the nuclear remodeling occurring in spermatids. To this end, expression vectors for the bromodomain testisspecific (Brdt-GFP tag), TPs I and II (HA tag), and protamine 1 (Prm1-red variant of GFP tag) were generated and transfected into the fibroblasts. However, our attempts to induce chromatin remodeling of somatic cells following either a costepwise or a stepwise transfection of all four expression vectors failed.
The nuclear reorganization in spermatids relies on a hierarchic translation of synthetized mRNA, and each of the protein prepares the ground for the next one (Barckmann et al., 2013) , a scenario we failed to repeat in cultured somatic cells. There are, however, exceptions to the canonical nucleosome disassembly pathway during spermatogenesis. In the male germline of the cephalopod Sepia officinalis, for instance, histones are replaced directly by Prm-like proteins (Martínez-Soler et al., 2007) . Hence, we attempted to induce a direct nuclear remodeling in somatic cells through the transient expression of Prm. We selected Prm1 because ram spermatozoa contain Prm1 only and because Prm1 is synthetized as a mature protein with no further processing (de Mateo et al., 2011) .
Direct Incorporation of Prm1 into Somatic Chromatin
We transfected sheep adult fibroblasts (SAFs) with pPrm1-RFP, WT Prm1, and RFP tag-only vectors using a lipofectamine transfection kit. Transfected cells approached 40% in all three groups. Expression of mRNA and protein Prm1 was confirmed by RT-PCR, by western blotting, and by tracking the RFP-tag (Figures 1, S1A , and S1B). Prm1-RFP co-localized with nuclei stained by Hoechst (Figure 1 ), whereas in control, i.e., pRFP transfected fibroblasts, the red signal was diffused in the cytoplasm and nucleus ( Figure 1 ). Fibroblasts transfected with WT Prm1 showed nuclear reorganization similar to that detected in pPrm1-RFP transfected ones (Figures 1 and S2 ). At 40-to 48-hr post-transfection/trichostatin A (TSA) treatment, 93.3% of Prm1-cells did uptake Prm in nuclei, and 83.3% of Prm1-positive cells completely changed nuclear morphology (Table 1) .
Prm1
Binds to DNA Prm1 contains numerous cysteine residues that might form intraPrm/inter-Prm disulfide cross-links (Balhorn et al., 1992) . To exclude nuclear Prm1 polymerization, chromatin immunoprecipitation (ChIP)-seq assay was carried on of sorted Prm1-positive cells. The ChIP-seq assay confirmed the effective binding of Prm1 to DNA at 42 DNA binding sites on 10 of 27 chromosomes, as early as 16-hr post-pPrm1 transfection ( Figure 1J ; Table S1 ).
Protaminization of Somatic Cells' Nuclei Is Not Cell Cycle Dependent Cell-cycle analysis by cytofluorimetry of transfected cells revealed that Prm1 was incorporated in all cell-cycle stages (72.6% G1, 4.4% S, 23% G2 stage) (Table S2 ). Moreover, fibroblasts forced to enter G0 (by serum starvation) were transfected with pPrm1-RFP, and even in this case, Prm1 incorporation and chromatin compaction took place (Table 1) . Thus, Prm incorporation on DNA is cell cycle independent. A likely mechanism for Prm1 deposition on chromatin might be the conformational changes that nucleosomes undergo as a result of chromatin remodeling enzymes or thermal fluctuations (Chereji and Morozov, 2015) . These nucleosomal dynamics make available free stretches of 11 bp between the dyads, enough for Prm1 docking on DNA (Zhang et al., 1996) . The low-off rates of Prm1 (Brewer et al., 2003) might facilitate the prolonged condensation of DNA even after transient Prm1 expression. To indirectly test this hypothesis, we transfected GFP-H2B fibroblasts with Prm1-RFP. A histone-to-Prm exchange was observed in GFP-H2B nuclei 48 hr after Prm1 transfection ( Figure 1K ). Unequivocally, the red fluorescent signal of Prm replaced the green H2B, confirming the over competition of Prm1 on histones (Figure 1K) . Furthermore, we observed that the Prm replaced the histone H3 trimethylated on lysine 9 (H3K9me3), a critical epigenetic barrier of SCNT reprogramming in 30% (36 of 120) of Prmpositive cells ( Figure 1L ). H3K9me3 was not longer detectable in fully condensed nuclei totally devoid of H3K9me3.
Dynamics of Prm1 Incorporation
Prm1 assembly on DNA of somatic cells leads to an overlapping of nuclear morphology like the one found in elongating spermatids ( Figures 1G-1I ). Prm1 appears in foci scattered throughout the nucleus 20-hr post-transfection ( Figure 2B ) and fully coalescences 48 hr later in an elongated structure ( Table 1 ). The final outcome is an elongated and flattened nucleus, very much similar to the spermatozoa's, but larger, due to the diploid DNA content ( Figure 2I ). The degree of nuclear compaction in protaminized somatic cells approaches that of spermatozoa when observed by transmission electron microscopy (TEM) ( Figures 2F-2G ).
Histone hyperacetylation opens chromatin structure in spermatids and is a pre-requisite for histone/Prm replacement. Table 1 ).
Physiologically, the massive DNA compaction proper of spermatozoa is achieved through the induction of double strand DNA breaks and repair (Rathke et al., 2014 ). Therefore, we tested whether the same would apply to our forced conversion of somatic chromatin to a protaminized structure. We analyzed via immunofluorescence the nuclei for the presence of the histone variant gH2A.X (a marker of double-strand DNA breaks) around the Prm1 condensed foci, but no positive gH2A.X signal was detected (H2A. Figure 2J ). A comet assay also excluded the presence of DNA fragmentation in fully protaminized fibroblasts ( Figure S3 ).
Protaminized cells showed signs of degeneration on the third day after transfection, likely a consequence of the global transcription shut down resulting from chromatin compaction ( Figure 2C ).
Prm-to-Histone Transition after NT Finally, we wanted to verify the reversibility of genome protaminization using NT as a biological assay ( Figure 3C, a and a1) . A large pronucleus was observed in the injected oocytes starting 6 hr after activation and swelling in size (16.2 ± 2.3 mm) by 8 hr. Meanwhile, Prm progressively disappeared in the pronuclei of 77% of injected oocytes (28 of 36; Figure 3A ) and replaced by TH2B ( Figure 3B ), an oocyte-specific histone variant that plays a key role in nuclear reprogramming (Shinagawa et al., 2014; Montellier et al., 2013) . Hence, protaminized somatic nuclei decondense and reacquire a nucleosomal organization following a physiological path after artificial activation of the injected oocyte.
The enucleated oocytes reconstructed with protaminized somatic nuclei were further cultured in vitro in seven separated replicates, indicating their full competence to direct early embryonic cleavages until the blastocyst stage ( Figure 3C, a2 ). The quality of the embryos (total cell count and karyotype) was comparable to that of normal in vitro fertilized embryos ( Figure 3D ).
DISCUSSION
Here, we have found that ectopic expression of Prm remodels the interphase chromatin of somatic cells, leading to a nuclear compaction strikingly similar to that of elongated spermatids. The absence of gH2AX immune localization was surprising, for it is hardly conceivable a genome-wide protaminization without torsional stress alleviation through DNA double-strand breaks (Laberge and Boissonneault, 2005) . Probably, other DNA repairing enzymes not tested here might be involved; accordingly, gH2AX has not been detected during chromatin remodeling in human spermatids (De Vries et al., 2012) . Another possibility is that the histone variant gH2AX might have been evicted by Prm binding; however, a comet assay of fully protaminized cells excluded major DNA damage ( Figure S3 ).
The ChIP-seq dataset demonstrated the effective binding of Prm1 to DNA on 42 DNA binding sites on 10 out of 27 chromosomes (2n = 54 in sheep) ( Figure 2J ; Table S1 ). Binding occurred in 28 gene-rich domains-14 (50%) genic and 14 (50%) intergenic-while the other 14 were classified as scaffold (Table S1 ).
Early nuclear remodeling in round human spermatids is marked by the appearance of a single doughnut-like structure. The doughnut is the morphological expression of nucleosome disassembly, for nucleosome-destabilizing histones (H4K8ac and H4K16ac, H3K9me2) co-localize with it (De Vries et al., 2012) . These findings suggest that genome remodeling starts at a defined site in the genome and spreads in a spatially regulated manner, ending up with the nuclear compaction found universally in male gametes. Live imaging of the histone-to-Prm transition could be a powerful tool to test this hypothesis, but it is only available in Drosophila (Awe and Renkawitz-Pohl, 2010) , not in mice or man. Also, currently unavailable are in vitro models to monitor the whole process of spermatogenesis. The protaminization of somatic cells might provide unique insights on the early steps of chromatin remodeling, allowing the identification of the very first genome domain(s) binding with Prm. The simplified model for nucleosome-to-Prm exchange reported here might also add to the ongoing debate on nucleosomal retention in male gametes (Samans et al., 2014; Weiner et al., 2015) . It would be interesting to map on a genome-wide scale, the Prm-histones' footprints on Prm1-expressing somatic cells, to see whether the pattern described in spermatozoa is conserved.
Our findings also impact SCNT (Wilmut et al., 1997) . SCNT is a promising technology whose full implementation is on hold because of its low efficiency. Recent successes on human embryonic stem cells isolated from somatic cell-derived cloned embryos have boosted interest in SCNT (Tachibana et al., 2013; Chung et al., 2014) . This renewed interest in SCNT goes along with targeted nuclear reprogramming strategies, like RNAi-mediated downregulation of Xist (Ogura et al., 2013; Matoba et al., 2011) or the depletion of H3K9 methyltransferases in somatic cells before NT (Matoba et al., 2014) . In vitro protaminization of somatic cells simplifies the nuclear structure of a somatic cell enormously, formatting it in a way that is easily readable by the oocytes and thus holds potential to improve SCNT efficiency.
EXPERIMENTAL PROCEDURES
Cell Culture SAFs were derived from ear biopsy of three female Sarda breed sheep (2 years old). SAFs (between second and eighth passage) were cultured in DMEM (GIBCO) containing 10% fetal bovine serum (FBS), 2 mM glutamine, 3.7 g/L NaHCO 3 , and 0.5% gentamicin.
Plasmids Construction
Sperm Prm1 cDNA (GenBank: NM_002761.2) was amplified from a human testis cDNA library with appropriate primes and cloned into a pTagRFP vector (Evrogen). The identity of the cloned cDNA and its in-frame cloning C-terminal to RFP was verified by sequencing. Mouse TP1 and TP2 cDNAs were amplified by PCR from testis total RNA and cloned in a Ha-tagged pcDNA vector (derived from a Life Technologies pcDNA His-tagged vector). The GFPBrdt construct is described in Pivot-Pajot et al. (2003) and Gaucher et al. (2012) .
Transfection
SAFs at 80% confluence were transfected with 3 mg of pBrdt-GFP, pTP1, pTP2, pPrm1-RFP, pPrm1, or pRFP by Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions. At 4-hr post-transfection, medium was changed for DMEM containing 5 nM TSA or control (no TSA), and SAFs were cultured for additional 16, 20, 40, 48 hr. For cell-cycle analysis, SAFs before transfection were starved with 0.5% FBS for 5 days.
Histone Exchange Visualization
To visualize histone-to-Prm exchange, SAFs were first transfected with construct expressed GFP fused to histone 2B using BacMam 2.0 Technology (C10594, Celllight Histone 2B-GFP, BacMam 2.0, Life Technologies) according to the manufacturer's instructions and then with pPrm1-RFP, as described above. Histone 2B-GFP and Prm1-RFP behavior in live cells using fluorescent imaging were observed. TEM Cells were fixed in glutaraldehyde (2.5% in 0.1 M cacodylate buffer [pH 7.4]) for 24 hr. After washing in ddH 2 O, cells were post-fixed in 2% OsO 4 in ddH 2 O for 2 hr. Next, cells were dehydrated through a graded series of ethanol solutions (30%, 10 min; 50%, 15 min; 70%, 24 hr; 80%, 10 min; 96%, 10 min; 100%, 10 min; acetone, twice for 15 min) and were infiltrated with graded concentrations of Epoxy 812 Resin (EPON) resin in 100% acetone (1:3, 20 min; 1:1, 24 hr; 3:1, 2 hr), infused twice for 1 hr in pure EPON resin, and polymerized at 65 C for 24 hr. Next, 60-nm sections were prepared and examined using a LEO 912AB electron microscope. Images were captured using a Slow Scan CCD camera (Proscane) and EsiVision Pro 3.2 software (Soft Imaging Systems GmbH). 
ChIP-seq Assay Chromatin Immunoprecipitation
ChIP assay was performed with the EZ-Magna ChIP kit (Millipore) according to the manufacturer's instructions with minor modification. Protein and DNA complexes from pPrm1-RFP-transfected cells were cross-linked with 0.5% formaldehyde for 10 min at RT. Sonications were done in nuclear buffer (six 30-s pulses, power setting 10 and six 30-s pulses, power setting 15 in ice with 50-s rest between pulses; Bandelin Sonopuls). Soluble chromatin was immunoprecipitated with anti-RFP antibody (Evrogen) directly conjugated with Magnetic Protein A beads. DNA and protein immune complexes were eluted and reverse cross-linked, and then DNA was extracted using a spin filter column. DNA obtained from pRFP, pPR1-RFP, and Input were subjected to ChIP sequencing.
ChIP Sequencing
Next-generation sequencing experiments, comprising samples quality control, were performed. Indexed libraries were prepared from 10 ng/each ChIP DNA Table 2 . Quality of blastocysts is as follows: IVF, in vitro fertilized; NT Prm1 cells. Total cell number is mean ± SD. Cellular composition is the number of inner cell mass/trophectoderm cell number. Karyotype composition is the cell with euploid chromosome number divided by total cells (%).
with TruSeq ChIP Sample Prep Kit (Illumina) according to the manufacturer's instructions (for details see Supplemental Experimental Procedures).
NT
In vitro embryos production was adapted from those previously described . Oocytes manipulation was carried out with a piezo-driven enucleation and injection pipette (PiezoXpert), as previously described. Enucleate oocytes were injected with a nucleus, either from CTR or a Prm1-RFP fibroblasts suspended in PBS with 6% polyvinylpyrrolidone (SigmaAldrich). Activation and culture of reconstructed oocytes were processed as described Iuso et al., 2013a) . Qualities of obtained blastocysts were performed as described by Iuso et al. (2013b) .
TH2B Immunostaining on Pronuclear Stage Embryos
The zona pellucida of embryos at pronuclear stage (10-to 12-hr post-activation) was removed by incubation in 0.5% (w/v) pronase and acid Tyrode's solution for 30 s. Then embryos were fixed in 4% PFA for 15 min and subjected to immunofluorescence analysis as described in Torres-Padilla et al. (2006) with the rabbit anti-TH2B antibody (1:700, ab23913 Abcam). Finally, zygotes were mounted with VectaShield mounting medium with 5 mg/ml of DAPI.
Statistical Analyses
The Fisher's exact were used to compare quantitative data on nuclear incorporation of Prm1 and in vitro development. Statistical analyses were performed using GraphPad Prism 5.0 software. 
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
Supplemental Experimental Procedure
All chemicals, unless otherwise indicated, were obtained from Sigma Chemical Co.
RNA isolation and Reverse Transcription
Poly (A) + RNA was isolated from cells using Dynabeads mRNA DIRECT kit (Invitrogen Dynal AS, Oslo, Norway) according to the manufacturer's instructions. RT was performed using 80% of the eluted Poly (A) + RNA in a total volume of 20μl using the QuantiTect Reverse Transcription Kit (Qiagen, Milan, Italy). cDNAs were diluted 1:3 in H 2 0. The PCR reactions were performed using the PCR Master Mix (Promega, Milano, Italy 
Flow Cytometry for Cell Cycle Assay
Cells transfected with pPrm1 (without TagRFP) were fixed with 70% Ethanol and stained with 5 μg/ml Propidium Iodide. Red fluorescence (>630 nm) (DNA) was measured using a flow cytometer (Beckman coulter, Epics XL). Approximately 100000 cells/test were acquired at a flow rate of 400-500 events/s.
DNA integrity -Comet Assay
DNA integrity was evaluated using the single cell gel electrophoresis assay (CometAssay) (Trevigen, Bologna, Italy) according to the manufacturer's instructions. Briefly, cells were diluted to a concentration of 10 5 cells/ml in PBS. The cells were combined with molten LM agarose at a ratio of: 1:10 (v/v), then 75 µl were placed on comet slides. The slides were put in the dark at 4°C
for 10 minutes, then immersed in a pre cooled (4°C) lysis solution for 1 hour at 4°C. Afterward, the slides were immersed in a freshly prepared alkaline solution, which consisted of 0.6g NaOH pellets, 250 µl of 250mM EDTA, pH 10.0 and 49.75ml deionized water, for 60 minutes in the dark at room temperature. Finally, the slides were washed in a TBE buffer (Tris base, Boric acid and EDTA) for 5 minutes and then submerged in TBE buffer in a horizontal electrophoresis apparatus. One volt/cm was applied for 10 minutes. Each experiment was conducted using as a positive control SAF previously treated with 100 µM of hydrogen peroxide for 10 minutes at 2°C-8°C, as described in the manufacturer kit. Then samples were dried, stained with SYBR green and scored using a fluorescent microscope (Zeiss, Germany) connected to a digital camera (Sony, Japan). Obtained images were analyzed using the Image J free software (NIH, USA). 
